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FOREWORD

This report Is the final technica l report on “Fracture of Brittle

Materials at High Temperatures~ sponsored by the Air Force Materials

Labora tory , AFSC under Contract F336l5-76-F-6752. The program was

funded for two years.

The principa l i nvestigators were Drs. Nancy J. Tighe and

Shel don M. Wiederhorn. Mr. Lewis Russell assisted in obtaining the

test results. The technica l mon i tor was Dr. Norman Tallan of AFML .
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SECTION I

Introduct ion

/ Program P l an

Ceramic materials offer the potential for significantly increased

operating temperatures , increased e f f i c i e ncy and l ower cos ts for gas

turbine engines . However , the br i tt l e na tu re and resu l t i ng  ca tas t roph i c

mode of f a i l u re of cerami c ma te r i a l s  requ i r e s  a desi gn app roach based on

cons idera t io n of crack nuclea t ion and g row th ~[oP~1iiT If both the initial

s ize  of pre—exis ting cracks and the rate at which they grow under an

applied stress are known then the time to reach critica l size at which

failure occurs can be predicted . In pr inciple , the i n i t i a l  s i z e can be

determ i ned by non—destructive test techniques . However , state—of-the-

ar t NDT equipment does not have the required sensitivity to detect the
7M ~~~~~~f~1f laws  i n ques t ion , which  are gener a l l y  1OO~~~~or less. An upper limit

on to le rab le  f l a w  s ize  can be ob ta ined  by proo f tes t ing , but the v a l i d i ty

of this approach needs to be demonstrated . There is little information

on the strength of turbine ceramics which can be used for component

design and the relationship between material behavior and microstructure

is not well understood .~~(~

The major objectiv~ of”tb~ proposed research was to demonstrate

that proof testing could be used assure the reliability or lifetime

of turbine components made from ceram~1-c materials. The secondary

objectives were : (1) the accumu1ation

”

~~\critica l stress intens i ty and

crack growth da ta on new or improved tu r b in~\~eramics In order to generate

proof test design diagrams and (2) the determ i
’
~~tton of the relationship

between the microstructure and the observed frac~è*~re behavior.

- I
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The technica l requirements of the project were as follows : Four-

point bend tests were conducted on two billets of Norton NC-l32 , one

b i l let of NCX-34 hot pressed s i l icon nit r ide and 5 billets of Norton NC-

350 reaction bonded silicon nitride. For each material , one set of

spec imens was used to determ i ne fracture strength , a second set was used

to determine whether proof testing truncated the fracture strength

d istr ibution, and a th ird set was used for time to fai lure measurements

afte r a proof test was app l ied . The lifetimes were compared to components

that received no proof tests. A statistica l anal ysis was conducted to

assess the reliability of the proof test technique . The crack growth

rate and the critica l stress intensi ty data required for the time to

fail ure prediction were obtained by the double-torsion technique developed

by Evans and Wiederhorn [4]. In addition , microscopic techniques were

used to study microstructure and t he fracture surfaces in order to

determ i ne the mechanisms responsible for crack growth and fracture . The

studies were done both at room temperature and at the temperature expected

in the gas turbine env i ronment , that is 1 200°C.  The area of p r i mary

emphas i s was the val i da t ion of the proof tes t app roach to the l i f e

prediction/life assurance of turbine ceramics.

Proof Test Ana l ysis

P roof tes t i ng i s  one of the methods bei ng cons i dered as a mea ns of

improving the re l i ab i l i t y  of s i l i con  n i t r ide for turbine applications.

Proof testing is used to e l i m i n a te weak componen ts , which are mos t

suscep t i b l e  to f a i l u re in  service , before they are placed in serv i ce.

In a proof test , a load or proof test stress that is higher than that

expected in serv i ce is applied to every component. This load breaks

2
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components that contain f laws greater than a certain maximum size and

truncates the strength distr ibution of the surviv ing components.

The theory of proof testing prov i des a uni que relation between the

proof test stress , the service stress , and the predicted minimum time to

failure in service [5,7]. This relationship can be expressed in des i gn

diagrams prepared from crack veloc ity data . These diagrams can be used

by engineers to establish proof test levels for specific materials. In

the diagram shown in Figure I , the proof test stress is selected for the

ID ~i 40 50 607080 100 kS1
Z0I~ I I I I I I I

10 100 200 300 ~~~500~~) MPs

SERVICE STRESS

Figure I . Proof test diagram for hot-pressed silicon nitride NC- 132.
This diagram is based on crack propagation data obta i ned
in air at 1 200°C (Ref. 19).

des i red exposure time and the service stress. As a hypothetica l example ,

if 100 hour service at 300 MPa were required , then a proof stress of 560

MPa is determined , from Figure 1 , as the stress that would be necessary

to assure full design lifetime of the components .

3
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The theory of proof testing assumes also that the population of

flaws remains i nvarient after the proof test. Therefore if the flaw

population changes during high temperature exposure, the effects of the

exposure must be assessed before proof testing can be used as a viable

screening procedure. High temperature exposure of silicon nitrid e in

air Is known to cause oxidation and strength deg radation [12—17] . The

present study has shown that oxidation can modify the flaw population

and thus invalidate the lifetime predictions made by proof testing

[18,19]. Therefore, to esta b l i s h  proof tes t ing  as a screening proce-

dure , i t  is necessary to eval ua te the proo f tes t i n an i ner t env i r o nment

and to characterize the effect of high temperature ox i dation on the flaw

population by determining the change in the strength distribution of the

silico n nitride after exposure . This report will be presented in the

follow i ng scheme . In Section II the materials and test procedures will

be p resen ted . I n Sec t io n I I I  the res u l ts of proof tes ts , strength

tests , and the effects of oxidation on the strength w ill be presented .

I n Sec t io n I V we d i sc uss the res u l ts , the effec ts of the chan g in g f l aw

population on strength , the sta t is ti cal s i g n i f i c a n c e  of the res u l ts and

give some recommendations for further experimental work.

SECTION I I

Exper i mental Proced u re

Mater ia ls

Specimens were made from two billets of hot-pressed , magnesia-doped

s i l i con n i t r ide , one b i l le t  of yttria-doped silicon nitride , and f i v e

b illets of reaction bonded silicon nitride. The specific spec i men

details are as follows :

I

_ __ _
_ 
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Ho t Pressed Sl 3N~ NC-l32 - Two bille ts of magnesia doped

hot pressed silicon ni tride (l5.2x15.2x2.5 cm) were

tested . These billets were manufactured at different

times using different powder lots and are designated

billet A and billet B in this report. Both billets had

the nom i na l manufacturers~ anal ysis in wt % of: 0.20 Al;

0.05 Ca; 0.40-0.64 Fe; 0.70-0.74 Mg; 2.6-2.7 W. Billet A

was manufactured from powder lot HN5 wh i ch had the

following manufacturers analysis in wt ~: 86.5c~Si 3N~ ;

0.28 Al; 0.06 Ca; 0.39 Fe. Billet B was manufactured from

powder lot HN8 which had the following manufacturers ana l ysis

in wt ~: 93.3c~Si 3N1~; 0.14 Al; 0.04 Ca; 0.36 Fe; 1.340 . The

magnesium addition was not given .

Thirty double-torsion spec i mens cut from Billet A were used to

obtain the K-V data in reference [17]; and 16! bars (5x’4x5O mm) were cut

and used in the proof test program . Billet B was cut into 322 bars

(4x5x50 mm) for the proof test program. These bars were numbered with

respect to their position in the bille t , the numbers were random i zed and

the bars were tested in the order of the random numbers.

Reaction Bonded Sj 3N~ NC-350 - Five billets of reaction

bonded material 15.2xl5.2x0 .6 cm , from the same powder

lot and firing schedule were used for the tests . Each

of the billets was cut into ‘~72 bars ; the bars were

numbered with respect to their position in the billet

and the numbers random i zed . The bars from each bille t were

tested in groups of 6 spec i mens so that a total of

Mater ials were obtained fom the Norton Co., Worchester , Mass.

5
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30 speci mens was used to ob ta i n  a comp le te d is t r i b u tion

of all b illets. The strength distribution for the

individ ,,~~l b i l l e ts d i f f e red  as shown by cnmparing the

mean strengths listed in TabIL I. The streng th

dis tribution for all 5 billets was used to determine

the proof test l oad .

Hot-Pressed Si 3N4 NCX-34 - The billet of Y2O3 doped

Si 3N~ (l5.2x15.2xl.5 cm) was cut to obtain 90 bars

kx3x5O r~m for the proof test program and double-torsion

spec i mens for crack veloc i ty data . The proof test

program was not completed before the project ended .

All test bars were ground alotig their lengths with a 180 grit

diamond wheel and the edges were reta i ned . The test bars were prepared

in this way to ensure obtaining a broad strength distribution for each

material. Thus the mean strengths which are listed in Table 1 may be

lower tha n val ues obta i ned in other stud ies on bars wi th cham fered edges

or polished surfaces. The bars were numbered as they were cut accord i ng

to a scheme so tha t the location of each bar in the billet was known .

The bar numbers were radomized from a computer program which generated

random numbers by swapping numbers for each set of bars 30,000 times .

Thus each billet had a specific set of random numbers which was based on

the number of bars per billet.

Test Program

The bars were tested in ‘4-point bend i ng , in air , at 25°C and 1 200°C.

The SiC bend fixtures had upper and l ower spans of 10 and 40 mm re-

spectively. The upper temperature was selected after tests on the

double—torsion spec i mens in Billet A showed that considerable plasticity

and slow crack growth occurs above 1 200°C. Thus 1 200°C is the maximum

k 6
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TABLE 1. MEAN STRENGTH OF TEST MATERIALS

Flex ure Strength , MPa

Material 25°C 1200 °C (1 /2 hr.)

NC132 Billet A 670 + 99 534 + 44

NC132 Bi l le t  B 635 + 108 52’+ + 71

NCX-34 880 ÷ 52 785 + 58

NC350 Billet 6 214 + 33 297 + 53
Bille t 7 206+41 278 ~~50Bille t 8 259 + 34 274 65
Bille t 9 181 + 34 206 ~ 38Billet 10 262 + 71 342 68

Average 6-10 225 + 52 278 + 68

temperature at which this material can be used in high stress appli cations.

In all tests , the bars were loaded at a cross head speed of 0.02 cm per

min ute . After proof testing , the bars were left on the test fixture and

were l oaded to failure after the various heat treatments without altering

their position . In this way the stress distribution after proof testing

was not changed during strength measurements. Proof test stresses were

chosen to break approx i ma tel y 50% of the test specimens for each experi-

menta l condition .

For h i g h  tempera ture  tes ts , the furnace temperature was raised at

the rate of “~4O°C per minute and the test spec imens were equilibrated

for 1/2 hou r at 1200°C before conductin g strength measurements. It was

found that ox i dation significan tly affected the test results presumably

by chang i ng the flaw population which controlled the strength . To study

the effect of surface oxi dation on the flaw population , strength measure-

ments were made on spec i mens at 25°C and at 1200°C after differen t

exposure times up to 100 hours. Additional strength measurements were

_ _  _ _  _  ~~~~~~~~~~~ .
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made on specimens which had an artif ical flaw introduced by Indentation

before exposure. Spec i mens were i ndented using a Knoop indenter with a

2 kIlogram load and were broken at 25 and 1 200°C af ter exposu re t imes of

up to 100 hours at 1 200°C.

The strength studies at 1 200°C were conducted in air and the silicon

nitride surfaces oxidized during the test. It was necessary to characterize a

these oxidized surfaces in order to clarify our strength results. Light

m icroscopy , and scanning and transmision electron microscopy were used

to characterize the morphology of the surface oxide l ayer. In support

of these studies , x-ray diffrac tion , electron diffraction , and energy

dis persIve x-ray ana l ysis were used to identif y the structure and

chemical composi tion of the oxide coat. The microstructural changes

which occurred as a result of exposure were correlated with the results

of the strength measurements.

Testing Apparatus

Mos t of the ex per i ments were carr ied  ou t usi ng a standard screw

opera ted tes t ing  mach i ne , (the Instron type) . However , in order to

perform experiments more efficiently, a specia l  hy draulic load i ng test

apparatus was designed and built so that three specimens could be broken

i ndependently in one furnace. Two furnaces (D) were set-up as in Figure 2a.

Each test apparatus has 3 hyd raulic cylinders (A) mounted below the

furnace and 3 l oad cells (E) mounted above the furnace . Silicon carbide

rods (C) attached to each l oad cell and cylinder with a water-cool ed

fix ture (B), extend through the top and bottom of the furnace . Figure 2b

shows a set of three test bars in our standard 4-point bend jigs assembled

i nside the furnace .

8
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The load is appl ied to each specimen individu ally and the outpu t

is recorded . The loading rate was established by adjusting the oil

pressure to obtain a displacement rate which was equivalent to the

displacement rate used in the standard machine . The data obtained

with this apparatus compared well with that obtained in the standard

machine and the results were reproducib le.

E 
-

— 

. 
1

• 1 1  ..‘J.~1
D

4-

C a ’

B - .

A 

( a) (b )

Figure 2. Hydraulic loading apparatus used to test 3 specimens in
one furnace (a) furnace and load i ng arrangements; (b) in-
ten or of furnace show i ng 3 specimens in place.

I
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Proof Test in~ Ana l ysis

The results of the proof test will be displayed in the form of

We i bul l diagrams in which the strength va l ues are ordered and plotted as

a function of the failure probability [7,21]. The diagram in Figure 3

shows the scheme of initial and fina l strength distributions wh i ch should

be obta i ned in proof testing . In our experiments , the initial or inert

population is obtained by breaking spec i mens at 25°C. This population

is “inert ” when no slow crack growth or plasticity occurs. After obtaini ng

1500 0 -
INITIAL ONERT) .1

0.1000 DISTRIUUTION -..,~ .
~/

~ 0.0100 , TEST

~~ 
03 0.5 17 1.0 1.5

NORMALIZED STRffiGTR

Figure 3. Weibull type probability plot demonstrating the effect of
proof testing on strength distribution : — initial inert
distribution ; --— proof test in an inert environment;

proof test in an environment in wh i ch subcritica l
crack growth can occur.

this in i t ia l  inert strength d ist r ibut ion a stress is chosen that w ill

break approximatel y 50% of the population . When the surv i vors of the

proof test are broken the strength of the suviving specImens should be

higher than this proof stress. Thus when these strength va l ues are

Jo
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ordered an d plotted on the Weibull diagram the strengths appear as in

the dashed line of the Fi gure ; that is , the strength distribution is

truncated . If the proof test survivors are affected by the testing

conditions then they will not follow the truncated curve and the strength

distribution can fall somewhere between the idea l proof test distribution

curve and the initial , inert distribution as shown by the dotted line in

Figure 3.

SE CT IO N I l l

Experimental Results

Proof Testing

The effect of proof testing on the strength dis tribution at 25°C is

shown in Figure 4A , B for hot pressed silicon nitride and in Figure 4C

for reaction bonded silicon ni tride. As can be seen in these Weibu ll plots of

the data , proof testing truncates the strength dis tribution for both types of

silicon nitride because the breaking strengths of the survivors were

greater than the proof stress. This finding indicates that proof

testing can be used to eliminate weak specimens and thus improve the

s t r u c t u r a l reliability of silicon n i t r i d e  in room temperat ure  a p p l i c a t i o n s .

However , for turbine app lications , proof testing must be able to

truncate the hi gh temperature strength distribution to assure component

reliabi l ity. In principle , the easiest way to obtain such a distribution

is to proof test the components at room temperature before using them at

hi gh temperature . Then , provided the high temperatures do not affect

the flaw distribution , the truncated population formed at room temperature

will be truncated also at hi gh temperatures. Alternatively, components must

be proof tested at hi gh temperatures. To test these assumptions , sets of

spec imens from both hot pressed silicon nitride and reaction bonded silicon nitride

were proof tested at the 50% failure probabili ty l evel at room temperature

the survivors were unloaded and then broken at 1200 °C after 1 /2 hour of hi gh

-- 

I i



~~~~~~~~ -~ 
—- ---——-------- -. .— ----- ------.- -. --.--—- ,. ---

I I I I 1 1 1 1 1  _________________________I I I I I I I I I 1 1

~~: 

/
/
//

~~
( 

,
,
,
/

/

/

/
/~~~~~~~

7

.010 - - .010 - 25°C. NC ~~8 -

PROOF TEST DISTRIBUTION £ INITIAL DISTRIBUTION
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silicon nitride at 25°C:

.015 - (A) hot pressed silicon ni tride
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temperature exposure. Another set of hot-pressed specimens was proof

tes ted a t 1 200°C after 1/2 hour at 1 200°C and the surv i vors were unloaded and then

broken at 1 200°C. The results of this study are shown in Figure 5.

Inc l uded in Figure 5 are the initial strength distribution obtained

after 1/2 hr at 1200°C , and the theoreticafly predicted va l ues of the

1 200° strength distribution (the curved lines) after proof testing . We

note from this figure that none of the strength di stributions determined

a f te r  proof testing agreed wi th  the theoretica l cu rves . The strength

d i s tr i b u t ions  were not trunca ted beca use some proof su rv i vors broke

below the proof test stress. The Weibu ll slopes for the proof test

surv ivors are close to those for the initial distribu tion . It is noteable

that as a result of the 1200°C expos u re, spec i mens wh i ch were broken

be low the 50% probability l evel were weaker than predicted and those

broken above the 50% probability level were stronger than predicted .

Further , the 1200°C proof test in Fi gure 5B did not truncate the strength

distribution much more effectively than the 25°C proof test. Thus it

appears that the proof test predictions which were based on an inert

strength distribution must be modified to account for non-inert service

cond i ti ons , i.e. a 1200°C air environment.

The proof test stress determines the largest flaw tha t can be

present in the region of a spec i men that is subjected to the test. As

lon g as th i s  cr it ical  f l aw  i s st i l l  an ef fec ti ve nucle us for f rac ture

after exposure , the minimum time to failure can be estimated by the

proof testing procedure . However , i f the cr i ti ca l f l aw is  m o d i f i ed by

*The pred i ct ive strength ca l cu l at io ns we re done by Sheldon M. Wiederho rn us ing
empirica l formulations be i ng developed fo r the r e l i a b i l i ty of cera m ic ma te r i a l s .
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Figure 5. Effect of proof testin g on
£ the high temperature (1200°C)

strength distri bution :
(A) hot pressed sil icon nitride
billet A , proof test at 25°C;
(8) hot-pressed sili con nitride
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the high temperature exposure , then proof test ing w i l l  not be a v i able

screening procedure . The results of the tests shown in Figure 5 ind Icate

that spec imens behaved differently from theoretical expectations which

means that the initial flaw population of the materials was modified by

the high temperature exposure. These data show that proof testing wIll

be of doubtful value at the 50% probability level used to obtain the

data .

To test the effect of temperature on the flaw population , a series

of exposure experiments was conducted at 1 200°C. Specimens were proof-

tested before exp osure n order to truncate the initial distribution ,

and other spec imens were exposed without proof-test ing. Strengths were

measure.d after exposure at room temperature. Figure 6 shows the results

I I I 1 1 1 1 1 1 1 1 1 1  I I I 1 1 1 1 1 1 1 1 1

.960

.900

.500 .500 -

o

.300

100
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~~~~~~~~~~~ NC 1328 
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£ 

25°C, MC 1328
£ INITIAL DISTRIBUTiONINITIAL DISTRIBUTION • PROOF TEST SURVIVORS• AFTER 1/2 HR AT 1200°C AFTER 1/2 HR 1250°C

I I I I  1 1 1 1 1 1 1 1  901 (8) ! I I I I  1 1 1 1 1 1 1 1

250 350 450 550 650 750 850 250 360 450 550 650 100 650

F1.EXURE STRENGTH . MP. ~~~URE STRENGTH. NP.

Figure 6. Effect of hi gh temperature exposure on the room temperature
strength of hot-pressed silicon nitride , billet B: (A) exposure
of as-rece i ved spec i mens; (B) exposure of the surv i vors of a
room temperature proof test. The solid curve in (B) g i ves
the strength distribution after proof testing at room tempera-

L .. ture , while the arrow g ives the proof test level , 630 MPa.
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of a 1/2 hour exposure on the room temperature strength of two sets of

specimens from billet B, one of which had been truncated prior to exposure .

In f i g u r e  6A we see that the initial , i ne r t  distribution was affected by

exposure to hi gh temperatures , in that the spec imens broke at somewhat

higher loads after exposure . In Fi gure 6B we note the strength distr i-

bu tion after exposure differs from the truncated distribution , which is

g iven in the Figure by the so l id  curve. Approx imately 50% of the spec i mens

tested broke at loads that were less than the proof-test load . A

comparison of Fi gures  6A and 6B indicates that after exposure , both the

norma l and truncated populations gave nearl y the same distribution . Thus

both populations were altered in such a way that the flaw population

after exposure was independent of the initial population . A reasonable

explanation for this observation is that the initial population of flaws

is replaced by one produced by oxidation at 1 200°C in air.

To determ i ne whether proof testing is effective in eliminating

specimens with large flaws , strength measurements were made on specimens

hav i ng a flaw that was introduced using a Knoop hardness indenter.

Strength measurements at room temperature (Table 2) ind i cated that the

i ndented spec i mens were comparable to those spec i mens at the low end of

the strength distribution plot , which broke at flaws of the same magnitude

i.e. 100-200 u rn. For proof testing to be useful by eliminating spec i mens

with flaws of this magnitude , it must be demonstrated that such flaws

are still fracture nucleation sites after exposure to high temperatures .

Strength measurements on i nden~ed specimens after exposure to 1200°C

for 100 hours ind i cated that NC132 billet B, the NCX34 bi l le t , and the

NC350 bi llets fractured from the site of the I ndentation , Tabl e 2.

Thus the artifically Introduced flaws were sti l l effective nucleation

si tes in these materials and proof testing cou ld  be used to trunca te the

16
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strength d i s t r i b u t ion by e l i m i n a t i ng  large flaws . By contrast , speci mens

from NC132 billet A failed from orig i n s  that were not l ocated at the

s i te  of the indentation , which indicates tha t proof test ing would be of

little value for billet A because specimens would be eliminated

unnecessaril y.  The i ndentations were in fact removed during the

oxidation .

The findings obtained in the indentation studies were confirmed in

strength stud i es conducted on spec i mens that were not indented . Strength

measurements on billet A after 100 hours of exposure at 1200°C indicated

that the strength at 25°C and 1 200°C decreased and the strengths were

considerably be l ow the initial (as ground) strengths shown in Fi gure 7.

Thus , flaws generated by hi gh temperature oxidation are far more severe

I I I I I I I II  I I I I I I I

.010 - 25°C. MC 132-A - .010 - 1200°C. NC132A -
• • AFTER 1/2 HR
‘ AFT~~ 100 Nfi • AFTER 100 NR

.0S1 (
~ I I I I I 1 1 1 1  .II01~~~ I I I I I I I I I

550 650 150 650 350 450 550 650 750 650
RIXURE STRENGTH. NP. R.EXURE STIEI4GTH. NP.

Fi gure 7. Effect of high temperature expos ure  in air for 100 hr on
the strength of hot—pressed s i l icon ni tr ide (bi l le t  A ) :
(A) str ength at 25 °C; (B) strength at  1 200°C .
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than the machining flaws origin ally present in these specimens . The

flaws also are more severe than the large cracks introduced by indentation .

The strength of the Y203 doped silicon nitride (NCX3L I) also degraded

after exposure at 1200°C. The data plotted in Figure 8 show that the

mean strength at 25°C decreased after 100 hours exposure from 880 MPa to

692 MPa and the We i bull slope decreased from 16.3 to 5.9. This 20%

decrease in strength was si gnificantly greater than that observed for

billet A. The indentation results in Table 1 show tha t the indentation

was sti l l  the effective flaw after iOU hr at 1 200°C but was not the

effective flaw in spec i mens broken at 25°C after the same exposure .

I I I I I I I _____________________________I I I I I I I I I
.990

//~
-590 .500 -

/<v .100 - 
~~~~.10o -

Ui

-i
-4

U-

.010 - 25°C. NC X-34 - 

010 - 1200°C. NC X-34
£ AS GROUND £ AFTER 1/2 HR• AFTER 100 HR 1200°C

• AFTER 100 HR

I I I I I I I I I I IB)tA)
.001 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

~~ 100 NG 900 1.000 .001 I I I I I I I I I
500 NG 100 MM MM 1000

FLEXURE STRENGTH, NP. FI.EXURE STRENGTH. NP.

Fi gure  8. Effect of h i gh temperature exposure for 100 hr on the
strength of Y 20 3 doped silicon nitride : (A) strength
at 25°C; (8)  strength at 1 200° C.
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The strength behavior of NCI32 billet B differs from that obtained

on billet A. Strength measurements at 25°C after 100 hours of exposure

to 1200°C , Figure 9a , ind icate that the mean strength decreased from 640

MPa to 580 MPa , whereas the Weibul l  slope increased from 5.9 to 14.4.

The net effect of the increase in the We i bu ll slope is to increase the

strength of specimens that fail at low l evels of failure probabi l i ty ,

wh i ch means that large strength impairing flaws are not generated in

billet B by high temperature exposure. As a consequence of this behavior ,

I I I I I I I I I

i i  I l l u u u l i  
£ 

—

.90 0 -  •

_ 

I
~_1200 C NC 132 B

010 1/2 HR
25°C NC 132 9 • 100 HR

• AS GROUND
£ AFTER 100 HR 1200°C

xi (B) 
I I I I I I I I I

.001 
IA) I I I I I I I I I 400 540 MM 700 MM

MM FLEXURE STRENGTH. MPa
FLEXURE STRENGTH. NP.

Figure 9. Effect of high temperature exposure for 100 hr on the
strength of hot—pressed s i l icon ni tride (b i l le t  B) :
(A) strength at 2,°C; (B) strength at 1200°C .

20

- -

- - - . - A



r 
- _ _ _ _ _ _ _ _ _ _ _  - -

componen ts that contain large f laws can be-e l iminated by proof testing

without fear that new , more serious f laws w i l l  be generated by high

temperature oxidation. This conclusion is supported by the data obtained

- at 1 200°C after 100 hours of exposure at 1 200°C. For this condition of

testing , the measured strengths (figure 7b) were ~- reater than those

obta i ned after 1/2 hour of exposure at 1200°C. Therefore the natural

flaws generated by high temperature exposure are less severe than those

that were introduced by i ndentation , and as a consequence , proof testing

can be used to truncate the strength distribution by eliminating large

flaws that might be present in the spec i men. We note from Figure 10

and Table 2 tha t the data on the reaction bonded billets were qualitatively

25°C. NC iso 1200°C. MC 3M)
£ AFTER 1/2 111)

£ AS GROUND • AFTER 100 HR
• AFTER 100 HR 1200°C

.001 (A) I I I I .001 (B) 
I I

100 200 MM MM 150 250 350 450
FLEXURE STRENGTH. NP. FLEXURE STRENGTH. NP.

Figure 10. Effect of high temperature on the strength of reaction
bonded silicon nitride ; 100 hrs at 1 200°C: (A) strength
at 25°C; (B) strength at 1 200°C .
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the same as for those obta ined on bi l let B; that is oxidation improved

the strength by healing or otherw i se reducing the size of large flaws .

Therefore , it is conc luded that proof testing can be used to improve the

performance of components made from reaction bonded material.

Flaw Healing and Generation

To determine the reason for strength changes in hot pressed silicon

nitride , a stud y of the oxidized surfaces and of the fracture surfaces

was conducted using light microscopy , scanning electron microscopy and

transmission elec tron microscopy . Li ght micrographs shown in Fi gure 11

present a time sequence of surface oxidation of hot pressed silicon

nitride billet B. This time sequence corresponds with the strength

.
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Figure II. Effect of exposure at 1 200°C on the surface structure
of hot-pressed silicon nitride : (a) 1/2 hou r exposure ;
(b) 2 hou r exposure; (c) 16 hour exposure ; (d) 100 hour
exposure.
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measurements shown in Figure 12. As can be seen from Figure 11 , the

sur face texture changed w i th  time as the oxides formed and after 16 hours

the grind i ng marks were no longer visible. Oxide filled the grinding

grooves af ter 1/2 hou r , distinct platelets were seen after 2 hours of

oxidation and by the time the components were oxidized for 64 and

100 hours , the spec i men was covered with a thick polycrysta lline oxide.

The oxide film formed on both billet A and billet B spec i mens after 100

hr exposure had a glassy appearance and had a dispersion over the surface

of smooth and uneven mounds and p its , 50-100 jim in diameter.

X—ray diffrac tion studies indicated that silicon oxynitride [Si2N2O}

formed within the scale after 1/2 hours of exposure . While after 100

hours of exposure enstatite [MgSiO3], ~ cristobalite [~ -SiO 21 and silicon

oxynitride were found . Transmission electron microscopy studies of oxide

scales demons trated tha t at least two amorphous phases (probabl y magnes i um

s i l i c a te and s i l i ca g la sses) can occur within the oxide [21]. The light

microscopy and transmission electron microscopy studies showed that the

silico n oxynitride was located at the silicon nitride-oxide interface and

can be amor phous or crys ta l l i n e whereas the s i l i c ate g lasses and other

crystalline materials were l ocated toward the oxide—air interface [14,21].

The chem ical  compos i t io n of the ox i d e scale and the mounds and the

pits that formed in this scale were eva l uated by means of a scanning

el ectron microscope with elemental analysis capability . Specimens that

were exposed for 1 00 hours contained silicon , magnes i um , ca lc i um , iron

and manganese in the oxide . Since these las t four e l emen ts a re the

major impur i t ies of the magnesi um doped s i l i c o n  ni tr ide , th e i r  presence

23
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in the oxide suggests di f fusion of some of the impuri t ies from the body

of the ceramic to the oxide l ayer during ox i dation . The surface mounds

and pits found in bille t A conta i ned only the silicon and i ron , and

hence differed In compositio n from the rema i nder of the oxide scale as

seen i n  F igure  13. By contrast , the mounds and pits in billet B were

approximatel y the same composition as the oxide scale.

When the oxide scale was removed from NC132 specimens oxidized 100

hrs a t 120 0°C (by etch i ng in Hf +H 2SO~) the silicon nitride surface was

2 0 m

Si
Mq

I
_
a -

d i. i,

Fi gure 13. Scanning electron microscopic exam i nation of a pit formed during
exposu re a t 1 200°C for 100 hours : (a,b) low magnification photo-
graphs; (c) X-ray element anal ysis of the pit and the nearby
surface ; (d) details of the cracks on the surface . A ind i cates
same area i n a , b and d .
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found to be hea v i l y pitted . The pits were %50 pm in diameter and occurred

over all surfaces. By comparing etched and unetched fracture interfaces ,

it was evident that fracture originated at the surface pits as shown in

Fi gure 14. Spec im ens from B i l l e t A were more hea v i l y p itted than those

from B i l l e t B . Exam in at ion of polished cross-sections of the specimens

also showed penetration of the oxide into the silicon-nitride along pits

as well as along cracks .

4
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Fi gure 14. Pit as a fracture source in hot-pressed silicon nitr ide. The
spec imen was broken after exposure of 100 h r s  at 1200°C. The
sur face oxide was removed by etching .

Pits appeared to form under some of the mounds that were observed

in the oxide scale. Some mounds have a g lassy ap pearance and as shown

in F i gure 15, sometimes contained a hole in them . By focusing through

these holes [using ligh t microscopy] , pits approximately 50 jim in diameter

were observed beneath the mounds. The appearance and structure of some

mounds suggest that a liquid phase was present at the site of the pit

- _ during oxidation . When the I ndented specimens were examined after 100

26
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hr exposure it was found that the i ndentations were smaller in Bill et B

and comp lete ly  gone in B i l l e t  A. Thus the oxidation process had reduced

the effec t iven ess of the ind enta t ion i n these spec im ens and had cr ea ted

new flaws in the form of surface pits.

•

Figure 15. Mound formed during exposure of hot-pressed silicon nitride ,
bille t B, for 100 hrs . at 1200 °C. The hole In the center of
the mound suggests that gas had issued forth from the mound .

These microscopy stud i es on NC132 show that the oxidation is a

complex process which i nvo l ves mass transport of impurities from the

matrix , nuclea tion and growth of new phases within the oxide scale ,

penetra t io n of the s i l i con ni tr ide  in terface along cracks and surface

and subsurface inc l usions. The diagram in Figure 16 Illustrates the

i nteraction observed between the oxide scale and flaws . Two flaws

_ _ _ _  - 
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are ind icated : a crack and a subsurface inclusion or pore . Because the

ox i de scale grows into the matrix , the ori g ina l , sil i con nitride surface

EFFECT OF OXIDATION ON
FLAWS IN Si

3 N4

r :~ ‘~

Fi gure 16. Effect of exposure at 1200°C on f laws in  s i l i c o n ni tr ide :
(a) surface crack and subsurface  i n c l u s i o n  before expos u re;
(b) after exposure crack s ize is reduced and subsurface flaw
has reacted with the ox i de ; (c) oxide growth has removed the
sur face crack and enlarged the subsurface flaw to produce
a pit in the silicon nitride .

as indicated by the dotted line recedes. The crack is reduced in size

and the inclusion or pore interacts w i th  the oxide . If the oxidation

continues long enough the crack is removed completely as in (c) and the

inc lusion or pore i-s replaced completel y by ox ide . The severi ty of the

ox idation reaction varies with the material. The effect of the oxide scale

on strength degradation can be related to the form of the oxidation

process for each material .

28
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Oxidation is less severe for reaction bonded (NC350) and for ytt rla-

doped si l icon nitride (NCX34) specimens than for the magnesia doped (NC 132)

materials. An oxide film approxImately 10 microns thick formed on the

reaction bonded spec imens that were oxidized for 100 hours . The x-ray —

powder diffraction patterns from the 100 hour spec i mens and 1/2 hour

specimens showed that the primary crystalline phase was ci-cristoba lite.

This silica film appeared to be continuous over the surface. The hardness

i ndentations were visible both before and after acid removal of the

oxide film. The i nitial poros i ty of the material makes it difficult to

distinguish add i tiona l oxide related p i tting . The Continuous oxide film

has a strengthen i ng effect on the machined test spec imens because it forms a

protective surface layer and fills or heals cracks .

After 100 hours of exposure the ox i de fil m on Y203 doped s i l i c o n

nitride specimens was approximately 20 pm thick . The X-ray diffraction

patterns of the oxide l ayers showed that ‘(251207 and ci-Si02 were the

primary crystalline phases . When the oxide was removed by etching, the

silicon ni tride surface showed traces of the machining grooves and had

shallow pits. The absence of deep pits at fracture interfaces indicates

that the strength degradation could not be attributed to the oxide pit

formation as found in NC132 and is more likely related to exposure

i nduced in terna l oxidation and phase changes in the intergrain phase.

SECT I ON IV

Discussion of Results

Eval uation of Proof Tests

The results of this stud y Indicate that there are limits to the

apolica tion of proof testing as a method of assuring the lona term reliability

of silicon ni tride in turbine applications. Proof testing is
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of value only If the f laws eliminated during the proof test are in fact

the flaws that w i l l  cause fai lure during service. Modif ication of the

f law population by oxidation can invalidate a proof test procedure ,

either by eliminating the machining flaws that cause fai lure at room

tempera t u r e , or , by changing their severi ty.  In the present study , it

was shown that high temperature exposure [1200°C] modif ies the flaw

population suf f ic ient l y so that truncation of the strength distr ibut ion

of machined specimens is no longer observed after exposure times as

short as 1/2 hour. Therefore , although the effects of the f laws that

resu lt from machining operations can be reduced by proof testing , this

truncat ion of the strength distr ibut ion w i l l  serve l it t le  practica l

value if those m a c h i n i n g  f laws probabl y are not the ones that cause

fa ilure after high temperature exposure . From these results it is

apparent that t here is an upper bound to the proof test load above which

no positive benefits can be ga i ned by proof testing . This upper—bound proof

test load depends on the material and on the condition of use. Subjecting

components to loads in excess of the upper-bound p roof tes t level w i l l

mere ly break an excessive number of components and will not limit the maximum

s ize of a f law that can be present during service without causing fa ilure .

The maximum proof test load for a given application can be determ ined

when an art i f ica l flaw of known size is introduced into a test specime n and

is s t i l l  e f fect ive as a crack or igin after high temperature exposure .

In the present study, such flaws were introduced by hardness i ndentations.

The results of the surface indentation stud ies for the reaction bonded

si l icon nitride show that bend spec imens broke at the indentations

after 100 hours of exposure. Since these spec imens would have been
- - 

- ~. broken by a load of ~~~l l5 MPa prior to high temperature exposure , the
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results indicate that a proof load of 115 MPa wot4d have truncated the

strength d is t r ibut ion of the population. In the proof tes t conducted on

react ion bonded s i l icon ni tr ide , however , it was shown that a load of

225 MPa broke 45~ of the spec i mens but did not result in truncation of
4,

the strength distribution . From these two results we conc lude that the

maximum proof test load for the reaction bonded ma terial shou ld be

between 115 MPa and 225 MPa .

The strength studies on the hot pressed silicon nitride also can be

used to obtain an estimate of the maximum proof test stress for this

mater ial .  Indentations in b i l let B, which reduced the strength to

approximatel y 400 MPa , were effective flaw nucleation sites after 100

hours of exposure at 1200°C. However , a 630 MPa proof test on this

billet did not result in a truncated population at high temperatures .

From these results we conclude that the maximum proof test load for

billet B lie - s somewhere between 400 and 630 MPa . In contrast with this

find i ng on billet B , results on billet A indicate that the maximum

effective load for proof testing must be less than ~400 MPa , since the

indentations in specimens from this billet were not effective nucleation

sites after high temperature exposure. Therefore , proof testing would

be more effective in truncating the strength distribution of billet B

specimens than bi l let A specimens. The l imi ted resul ts obta ined for

yttria-doped , material showed that indentations were effective flaw

nuc leation s i tes  for spec imens that were broken at 1 200 °C after 100

hours without cooling but not for specimems that were coo led to room

temperature before break ing . The indentations reduced the inert strength

to ~490 MPa , wh ich ind icates that the maximum effective proof test load

should be less than 490 MPa . The cause of the large strength loss which
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occurs when this mater ia l  is cooled from 1200°C to room temperature

before testing is more l ike ly re lated to m crostructural changes than to

the oxide-flaw interactions that produced the p it s i n  Fi gure 15.

Effects of Oxida t ion on Flaws

It is apparent from the results that the ox i da ti on wh i ch occur s

during exposure at 1200°C has a s ig ni f i ca nt effec t on the s tren gth

dis tribution . The flaw populati on which controls the strength can be

changed in the manner shown in Figure 16. Two type-s of flaw are considered

i n Figure i6a , a crack a t the sur face and an in terna l f l aw which  ca n be

an inclusion , a large pore or a crack. When oxidation occurs the crack

interfaces oxidize at least as fast as the ground surface and the crack

can be blunted . The oxide interface grows into the silicon nitride

matr ix, removes sur face imperfect ions ,and reduces the s ize of cracks .

Interna l inclusion-s can oxidize and change their volume and composition . ) i
The mounds in the oxide and p i ts in  the ma t r i x , sho~,n in Fi gures 14 and 15 11

respec t ively , are equivalent to “~50 grain diameters. The accelerated

ox idation in areas this size could be related to a concentration of

impurities in a mass of incompletely sintered grains or to the rapid

ox idation of large tungsten-based inclusions. Such reactions produce an ox ide

f i l led  pit in the matrix. Until the micro-structure is examined more

closely, the mode of pIt formation cannot be described completely.

These oxidation or corrosion p i ts  act as strength limiting flaws in

spec imens exposed for long times . It Is therefore essential to determine

why they form and how to control their formation .

-- 
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The effects of exposure at 1200 °C on the strengt h d is t r ibut ions of

the fou r batc hes of s i l i con  n i t r ide  are sumarized in Figure 17 and 18. In

these f igures , it can be seen that the 25°C and the 1200 °C strengths of

react ion bonded mater ia l  and b i l l et  B of NC- l32 are increased by exposure

at 12 00° C whe reas the strengths of the Y203 doped-material (NCX—34)and

bi l let A of NC- 132 are decreased . These differences are -statisticall y

signi f icant  and are related to the interaction between the oxide formation

and the mater ia l .  The microst ructura l di f ferences between the 3 hot-

pressed mater ials are related to the composition . The speci f ic  inter-

actions cou ld not be pursued during the present program but should be

invest igated in order to identif y the spec i f i c  cause of the degradation

and to gu ide further development of materials.

Suggest ions for Future Programs

The effects of exposure on the strength of s i l icon nitride are

related to compositional variations in the mater ia ls .  In the present

program the exposure was l imited to 1200 °C in air for a maximum of 100

hours . The effects of longer exposure and different temperatures on

s t rength  must be documented . I t w i l l  be necessary a l so  to tes t these

mater ials in the serv ice atmosphere. The proof-test procedures for life-

t ime predictions must be modi f ied to account for the change in f law

popu lation w i t h  exposure. An eva luation of the strength distribution

under stat ic load w f l l  be necessary. in order to investigate the effect

of exposure on a wide range of f law s izes and f law size distr ibut ions ,

spec imens should be tested wi th  known f law sizes such as those introduced

w ith a Knoop Indenter. Extensive microstructural analys is should be

carr ied out on the test specImens as wel l  as on materIals prepared wi th

known compositiona l and structural varIations.
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Fi gure 17. Comparison of strength of reaction bonded and 3 hot-pressed silicon
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Silicon nitride ma terials development must parallel the development

of component designs. The ma terials have not reached the optimum composition

and micro -structure for the turbine application . Many long-term use

appl icat ions are dependent on having a reasonable expectation of long

service l ives and considerable mater ials analysis and development must

be done to reach this goal.

SECT~0N V

CONCL LJS ION S

Proof test ing has been inves t igated as a means of assuring reliability

and l i fe t imes of hot-pressed and reaction bonded s i l i con  n i t r i de  for

turbine eng i ne applications. It was found tha t the proof tes t truncated

the strength d is t r ibu t ion  at 25°C as predicted by theory. The proc-’f

test was not as successful in truncating the strength distribution of

specimens exposed at 1200 °C , because the f law population changed during

exposure . This change in flaw populat ion occurred because some flaws

hea led or were reduced in s ize , and other flaws were formed when the

specimens oxidized .

Reaction bonded s i l i con  n i t r ide (NC- 350) showed an increase in

strength as a result of exposure at 1 200 °C.  The oxidat ion formed a

protect ive layer wh ich hea led surface cracks . A proof test scheme could

be app lied to this material .

The two bi l lets of magnesia-doped , hot-pressed silicon nitride (NC 132)

behaved different ly. The strength d is t r ibut ion of b i l l e t  A (of ear l ier

manufacture) decreased as a result of exposure, whereas , the strength

f 
distr ibut ion of b i l le t  B increased as a result of exposure . Thus, proof

tes t ing could be used for one bi l let  but not for the other. Oxidation

pits were produced In magnesia-doped , hot-pressed mater ial and these

pits become the strength lImitIng flaws . As a result of ox idation ,
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f laws related to machining hea led and could be removed eventually as

the surface oxidized .

The yttria-doped (NCX-34) s i l icon ni t r ide proof tests were not

completed; however the strength distribution decreased as a result of

exposure and it is unlikely that proof testing could be used for t h i s  I

bi l let .  Exam ination of the microstructure before and after exposure

showed tha t the ox i dation produced significant microstructural changes

in the nea r surface areas and these changes could be related to the

strength changes .

I

I

I
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